Experimental
INTRODUCTION
Several multi-cycle partition processes have been developed in order to treat high-level radioactive liquid waste (HLLW), [1] [2] [3] [4] [5] [6] . Generally speaking, after the partition process, alkali borosilicate glasses are the matrix of choice for the immobilization of the HLLW, since they permit vitrification of waste stream of variable composition. However, if molybdenum (Mo), an element found in HLLW, has a relatively high concentration a complex yellow molten salt can be formed during vitrification, [7] . The formation of so-called ''yellow phase'' material during the vitrification process is undesirable since it leads to the accelerated corrosion of the inconel crucible liners. In addition, Mo is one of the main fission products (FP), since it is 10 wt% of the total amount of FP in a spent fuel, [8] . Thus, the removal of Mo will also significantly reduce the amount of HLLW to be disposed, as well as improve the vitrification of HLLW, [8] .
Since the incorporation of Mo is of particular concern in the vitrification of HLLW, Fujii et al. [9] investigated the extraction of Mo by using octyl(phenyl)-N,N-diisobutylcarbamoylmethylphos phine oxide, whereas Zhang et al. [8] synthesized a macroporous silica-based octyl(phenyl)-N,N-diisobutylcarbamoylmethylph osphine oxide impregnated polymeric composite to eliminate Mo from HLLW. Although the above mentioned composites can extract Mo from the HLLW, other materials, such as a Pb-Fe based adsorbent, could be a feasible alternative, [10, 11] . In this work, on the other hand, a series of very-easy to be prepared PbFe based adsorbents have been synthesized in order to adsorb Mo from HLLW. Moreover, the absorption capacity of the synthesized adsorbents in adsorbing Mo in nitric acid (HNO 3 ) aqueous solution was investigated as function of the pH value of precipitation of adsorbent precursor as well as the calcination temperature of adsorbent precursor. In addition, the equilibrium sorption isotherm of Mo onto adsorbent was analyzed by using different sorption models.
Chemical Composition of the Solution
The simulated HLLW waste stream used in this work was a 3 mol/L aqueous solution of nitric acid. Ammonium molybdate (NH 4 ) 6 Mo 7 O 24 was added into solution, in order to adjust the concentration of Mo. Except where noted, the concentration of Mo in solution was adjusted to 9.5 mmol/L. In some other cases, the adsorption of Mo from solution was studied by changing the concentration of HNO 3 in solution from 0.1 to 6 mol/L.
Adsorption Procedure and Measurements
A known amount of the Pb-Fe based adsorbent and 20 mL of ca. 9.5 mmol/L Mo in HNO 3 aqueous solution were mixed into a 50 mL clear glass vials with lid and shaken mechanically for ca. 2.5 hrs. Then, the two phases are separated by filtration using a filter unit (pore size of 0.20μm). Finally, the concentration of Mo in the solution was analyzed by using an inductively coupled plasmaoptical emission spectrometer, ICP-OES (PerkinElmer, OPTIMA 5300DV). By knowing the initial and the remaining concentrations of Mo ions, the sorbed amount of Mo q was calculated, by the following equation, (Eq. 1):
where C 0 and C are aqueous concentration of adsorbate (in mg/ L) before and after adsorption, respectively; V is the volume of solution (in L); M is the mass of the adsorbent (in g).
Effect of pH of precipitation
In order to investigate the effect of the pH, when precipitating the Pb-Fe based adsorbent, on the sorbed amount of Mo, the adsorbents were precipitated at different pH values, which ranged between 4 and 12, and then dried at 70℃ for over 72 hrs. Next, each adsorbent was added in a 3 mol/L HNO 3 aqueous solutions. The initial Mo concentration (i.e. C 0 ) in solution was 10 mg/ L, whereas the dosage of adsorbent was adjusted at 10 g/L. The samples were then mechanically stirred for 2.5 hours. After filtering, the remaining concentration of Mo ions in the supernatant was analyzed by using an ICP-OES and the sorbed amount of Mo, q, was then calculated by Eq. (l).
Effect of calcination temperature
In this set of experiments, the effect of the calcination temperature of the Pb-Fe based adsorbent on the sorbed amount of Mo was investigated. Thus, the adsorbents were either dried at 70℃ for over 72 hrs. or calcinated at 80, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, or 800℃ for 1 hr. Next, each adsorbent was added in a 3 mol/L HNO 3 aqueous solutions. The initial Mo concentration (i.e. C 0 ) in each solution was 9.6 mmol/L (i.e. 916.6 mg/L), whereas the dosage of adsorbent was adjusted at 100 g/L. The samples were then mechanically stirred for 2 hours. After filtering, the remaining concentration of Mo ions in the supernatant was analyzed by using an ICP-OES and the sorbed amount of Mo, q, was then calculated by Eq. (l).
Structure Analysis of the Synthesized Adsorbents
Several Fe-based adsorbents were collected by filtration after the pH was adjusted at given value, and, except where noted, samples were calcinated at various temperatures (i.e. from 200 to 800℃) for 1 hr. Then, the surface and the structure of each sample were analyzed by using various equipments.
At first, the prepared powder sample (i.e. prior to calcination) was subject to a thermogravimetric analysis (TG/DTA: Shimazu DTA-50). A few milligrams (16.2 mg) of iron-based adsorbent were used for the TG/DTA analysis. Moreover, alumina was used as the reference substance. The temperature was scanned between ambient and 1200℃ with a heating rate of 10℃/min. Air was used as the reactive gas. In addition, the structure of the synthesized adsorbents was analyzed by means of a X-ray diffractometer (XRD: Mac Science, MO3XHF) with Cu-Kα radiation (40 kV and 40 mA) at a scanning speed of 2 º/min. Finally, 2D and 3D scanning electron micrographs of the Pb-Fe based adsorbent were taken by using on a scanning electron microscope (SEM: Keyence, VE-8800).
Effect of HNO 3 Concentration
In order to investigate the effect of the HNO 3 concentration on the sorbed amount of Mo, the concentration of HNO 3 was varied from 0.1 to 6 mol/L. In other words, several aqueous solutions, which have different HNO 3 concentration, were prepared. The initial Mo concentration (i.e. C 0 ) in all solutions was adjusted at 9.2 mmol/L (i.e. 883 mg/L) and then the Pb-Fe based adsorbent was added in each solution. The adsorbent dosage in each solution was adjusted at 100 g/L. The samples were then mechanically stirred for 3 hours. After filtering, the remaining concentration of Mo ions in the supernatant was analyzed by using an ICP-OES and the sorbed amount of Mo, q, was then calculated by Eq. (l).
Evaluation of Equilibria
The equilibrium relationship between the sorbed amount q (in mg/g, Eq. 1) and the adsorbate concentration C in solution (in mg/L, Eq. 1) is called sorption isotherm. In order to collect the data to construct the isotherm, different amounts of the adsorbent were added in various samples of 3 mol/L HNO 3 solutions, each containing 10.6 mmol/L Mo (i.e. 1018 mg/L). The samples were then mechanically shaken for 3 hrs. After filtering, the remaining concentration of Mo in solution was measured by ICP-OES. By knowing the initial and the remaining concentrations of Mo ions, the sorbed amount q of Mo was calculated, (Eq. 1) and the data were then analyzed using the Langmuir, Freundlich and RedlichPeterson sorption models. Figure 1 shows the sorbed amount of Mo as a function of pH, when synthesizing the Pb-Fe based adsorbent. It can be seen that the pH value of the precipitation had little effect on the sorbed amount of Mo. Nevertheless, at pH 9, the sorbed amount of Mo is relatively high, i.e. 0.33 mg/g, (Figure 1 ).
Results and Discussions

Adsorption of Mo: Effect of the pH of Precipitation
In addition, Figure 2 shows the dissolved amount of Fe and Pb in 3M HNO 3 solution as a function pH when synthesizing the Fe-Pb based adsorbent. The dissolved amount, d (i.e. mass of Fe or Pb/mass of adsorbent) was calculated by using the following equation, (Eq. 2):
where C a is the aqueous concentration of Fe or Pb (in mg/L) after adsorption (note that the aqueous concentration of Fe before is 0 mg/L); V is the volume of sample (in L); M is the mass of the adsorbent (in g). It was also found that at pH 9 the dissolved amount of both Fe and Pb are the lowest.
Considering the results given in Figures 1 and 2 , it was concluded that the pH value of the suspension should be adjusted to 9, when precipitating the Pb-Fe based adsorbents. In other words, the adsorbent was precipitated at pH 9, before being used in all subsequent experiments.
Adsorption of Mo: Effect of Calcination Temperature
In this set of experiments, the effect of the calcination temperature of the Pb-Fe based adsorbent on the sorbed amount of Mo was investigated. Thus, the adsorbents were first precipitated at pH 9 (see Section 3.1) and then calcinated at different temperatures for 1 hr, before being used as adsorbent.
The experimental results are shown in Figure 3 . Referring to the experimental results, the calcination temperature of the PbFe based adsorbent had a great influence on the sorbed amount of Mo. Figure 3 shows that when the adsorbent was calcinated at 500℃, before being used in the experiment, the sorbed amount was the greatest, i.e. 6.9 mg/g. It was found that the calcination of the adsorbent at 500℃, prior to the adsorption experiments, substantially increases the sorbed amount of Mo from the 3 mol/ L nitric acid solution. In other words, the Pb-Fe based adsorbent was precipitated at pH 9 and then calcinated at 500℃, before being used in all subsequent experiments.
Characterization of the Synthesized Adsorbents
Following is a series of quantitative and qualitative analysis carried out to characterize the Pb-Fe based adsorbent.
TG/DTA analysis
Thermal analysis techniques are powerful analytical tools, which are extensively being used for the investigation of the thermal properties of solid matter. In this work, thermogravimetry (TG) and derivative thermogravimetry (DTG) were used to examine the thermal nature of the synthesized adsorbent. Figure 4 shows the recorded thermograms. As a result of the endothermic and exothermic processes, two main peaks are observed in the DTA thermogram in which the heat is absorbed or evolved from the sample. Upon the being heated to ca. 339℃, sample begins to crystallize as microcrystals, giving off heat in the process. The second main peak at ca. 690℃ is the result of another change in structure, which correspond to a weight loss of ca. 28 wt%. 
XRD analysis
In order to better understand the results of the TG/DTA analysis, an X-ray diffraction analysis was carried out. The aim was to observe the structure evolution of the Pb-Fe based adsorbent as a function of the calcination temperature. Thus, the Pb-Fe based adsorbent was precipitated at pH 9, and then various fraction of it were heated at 70, 280, 500, 700 or 800℃, before being analyzed by using a XRD diffractometer. The diffraction patterns for the PbFe based adsorbents, calcinated at various temperatures are given in Figure 5 .
X-ray diffraction analysis indicated that when the adsorbent is calcinated at a temperature lower than 300℃, its structure is almost amorphous. For instance, Figure 5 shows that when adsorbent is heated at 70℃ or 280℃ there is no crystalline structure, except for the sodium nitrate, a salt formed during the precipitation of the adsorbent. Moreover, Figure 5 also shows that when the adsorbent is calcinated at 500℃, the crystalline structure of lead oxide (PbO) appeared. Furthermore, Figure 5 also shows the XRD patterns for Pb-Fe based adsorbents calcinated at 700 and 800℃ respectively. It can be seen that at relatively high calcination temperature sodium iron oxide (FeNaO 2 ) was formed together with PbO.
Considering that results of the XRD analysis ( Figure 5 ) and the results of the adsorption experiments given in Figure 3 , the authors suggest that the lead oxide (PbO) and an amorphous iron species provided the main adsorption sites for Mo in HNO 3 aqueous solution. Figure 6 shows 2D and 3D scanning electron micrographs of the Pb-Fe based adsorbent, precipitated at pH 9, before (Figure 6a ) and after (Figure 6b ) calcination at 500℃. The difference in texture of the adsorbent, before and after calcination, can be clearly observed indicating the crystalline structure of the adsorbent after calcination, which appears to have a larger surface area ( Figure 6 ). Moreover, estimation from SEM micrographs is that the particle size of the synthesized adsorbent ranged from 10 to 30μm.
SEM analysis
Adsorption of Mo: Effect of HNO 3 Concentration
In this set experiments, the effect of HNO 3 concentration on the sorbed amount of Mo onto the Pb-Fe based adsorbent, prepared at pH 9 and calcinated at 500℃, was investigated. Figure 7 shows the experimental results, which indicated that the sorbed amount of Mo 
Evaluation of Equilibria
Generally speaking, the analysis of the isotherm data is important to develop an equation which could represent the results and be used for designing equipment. In order to model the sorption isotherm of Mo from 3 mol/L HNO 3 aqueous solution, the Langmuir, Freundlich and Redlich-Peterson models were used.
The Langmuir's model, which was originally formulated for gas adsorption on homogeneous surfaces, [12] , was extended to adsorption of metal ions from solution, [13] . The model is characterized by linear adsorption at low surface coverage, which becomes non-linear as adsorption sites approach saturation. In other words, the Langmuir model (Eq. 3) assumes that the surface of the adsorbent is homogeneous and solute uptake occurs by monolayer adsorption, since the adsorption energy is uniform for each site:
where q m is the maximum capacity of the adsorbent for adsorbate, (mass adsorbate/mass adsorbent, mg/g); and K L (L/mg) is a measure of affinity of adsorbate for adsorbent. The linearized form of the Langmuir isotherm, is given by Eq. (4), [12, 14] .
The maximum capacity q m and K L are then determined directly from the intercept and the slope of the straight line of the linearized form of the isotherm, (Eq. 4). Figure 8 shows 1/q versus 1/C for adsorption of Mo onto the Pb-Fe based adsorbent, which was precipitated at pH 9 and then calcinated at 500℃. The data have then been extrapolated using the least-squared linear regression in order to calculate the maximum capacity of the adsorbent q m and K L . The experimental data were then fitted to the linear form of Langmuir equation with a correlation coefficient R 2 = 0.9761. It was found that the Langmuir isotherm (Eq. 4) gives q m = 34.7464 mg/g and K L = 0.0055 L/mg, ( Figure 8 ). The Freundlich isotherm [15] is the earliest known relationship. The Freundlich expression is an empirical equation describing adsorption onto heterogeneous surfaces and is expressed as, (Eq. 5):
where K F (mg/g), which indicates the adsorption capacity, and n are both empirical constants. The value of n indicates a favorable adsorption for 1 < n < 10.
The Freundlich isotherm assumes that the surface sites of the adsorbent have different binding energies. The linearized form of isotherm is given as, (Eq. 6):
Both constants K F and n are then determined directly from the intercept and the slope of the straight line of the linearized form of the isotherm, (Eq. 6). Figure 9 shows ln(q) versus ln(C) for adsorption of Mo onto the Pb-Fe based adsorbent, which was precipitated at pH 9 and then calcinated at 500℃. The data have then been extrapolated using the least-squared linear regression in order to calculate K F and n. The experimental data were then fitted to the linear form of Freundlich equation with a correlation coefficient R 2 = 0.9814. It was found that the Freundlich isotherm (Eq. 6) gives K F = 0.8882 mg/g and n = 1.4703, (Figure 9 ). Freundlich's sorption isotherm is well-known to give a good representation of many data for moderate concentrations, whereas for low concentrations, Langmuir's equation is well confirmed. The Redlich-Peterson isotherm model [16] , on the other hand, includes features of both Langmuir and Freundlich isotherm. It is expressed as:
In addition, the linear form of Redlich-Peterson isotherm is by Eq. 
where K R-P (L/g) and a are the isotherm constants, whereas g is an exponent, which varies from 0 to 1 (i.e. 0 < n < 1). All three constants were evaluated using the Generalized Reduced Gradient (GRG2) nonlinear optimization code. The results of calculation indicated that the Redlich-Peterson isotherm constants are: K R-P = 391.7790 (L/g), a = 352.9277 and g = 0.4888.
The experimental data were then fitted to the Langmuir model (Eq. 3), the Freundlich model (Eq. 5) and the RedlichPeterson model (Eq. 7) and plotted in Figure 10 together with the experimental results. Comparing all three models, (Table 1 and Figure 10 ), the authors suggest that the Redlich-Peterson model is more suitable than the other two models.
Conclusions
A series of Pb-Fe based adsorbents, able to adsorb molybdenum (Mo) from high-level nuclear waste (HLW) were synthesized. The adsorbents were precipitated by adding sodium hydroxide in mixture of 1 mol/L lead nitrate and 1 mol/L ferric nitrate aqueous solutions. In addition, the adsorbents were also calcinated.
The absorption capacity of the synthesized adsorbent in adsorbing Mo in HNO 3 solution was investigated as function of the pH value of the precipitation as well as the calcination temperature of the adsorbent, respectively. One of the main finding of this work was when the Pb-Fe based adsorbent was precipitated at pH 9 and then calcinated at 500℃, prior to the adsorption experiments, the sorbed amount of Mo was the greatest. Experimental results also indicated that the sorbed amount of Mo was little affected by the fluctuation of the HNO 3 concentration, when it was varied between 0.1 and 6 mol/L.
The equilibrium relationship between the sorbed amount of Mo and the concentration of Mo in solution was well described according to the Redlich-Peterson isotherm with correlation coefficients R 2 of 0.9832. 
